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ABSTRACT
Relativistic reconnection has been invoked as a mechanism for particle acceleration in numerous astrophysi-
cal systems. According to idealised analytical models reconnection produces a bulk relativistic outflow emerg-
ing from the reconnection sites (X-points). The resulting radiation is therefore highly beamed. Using two-
dimensional particle-in-cell (PIC) simulations, we investigate particle and radiation beaming, finding a very
different picture. Instead of having a relativistic average bulk motion with isotropic electron velocity distribu-
tion in its rest frame, we find that the bulk motion of particles in X-points is similar to their Lorentz factor γ, and
the particles are beamed within ∼ 5/γ. On the way from the X-point to the magnetic islands, particles turn in
the magnetic field, forming a fan confined to the current sheet. Once they reach the islands they isotropise after
completing a full Larmor gyration and their radiation is not strongly beamed anymore. The radiation pattern at
a given frequency depends on where the corresponding emitting electrons radiate their energy. Lower energy
particles that cool slowly spend most of their time in the islands, and their radiation is not highly beamed. Only
particles that quickly cool at the edge of the X-points generate a highly beamed fan-like radiation pattern. The
radiation emerging from these fast cooling particles is above the burn-off limit (∼ 100 MeV in the overall rest
frame of the reconnecting plasma.) This has significant implications for models of GRBs and AGNs that invoke
beaming in that frame at much lower energies.
Subject headings: magnetic reconnection – acceleration of particles – relativity – radiation mechanisms: non-
thermal
1. INTRODUCTION
Magnetic reconnection is thought to be one of the most im-
portant mechanisms by which magnetic energy is converted
to kinetic energy in astrophysical plasmas (for a review, see
e.g. Yamada et al. 2010). This conversion may produce a
tail in the particle energy distribution including randomly ori-
ented relativistic particles and high-frequency radiation, co-
herent bulk outflows, or both. In the relativistic reconnection
regime, in which the ratio of the magnetic energy to the total
enthalpy of the particles (the magnetization σ) is much larger
than 1, magnetic reconnection has been hypothesised to be
responsible for observed high-energy emission in the prompt
phase of gamma-ray bursts (GRBs) (Thompson 1994; Lyu-
tikov & Blandford 2003; Giannios & Spruit 2005; Lyutikov
2006; Zhang & Yan 2011; McKinney & Uzdensky 2012),
emission from pulsar wind nebulae (Kirk & Skjæraasen 2003;
Sironi & Spitkovsky 2011; Pétri 2012), and active galactic nu-
cleus (AGN) jets (Giannios et al. 2009; Giannios 2013; Nale-
wajko et al. 2011; Narayan & Piran 2012). Relativistic jets
launched by the Blandford-Znajek mechanism (Blandford &
Znajek 1977) are expected to be dominated by magnetic en-
ergy, so reconnection is a primary mechanism invoked for the
conversion of these fields to particles and radiation. Since
relativistic bulk outflows have been predicted to occur in rel-
ativistic reconnection (Lyubarsky 2005), it has been hypothe-
sized that the variability of these sources may arise from the
direction of these outflows swinging past the observer’s line of
sight. The fast variability model of blazar jets (Giannios et al.
2009; Giannios 2013; Nalewajko et al. 2011; Narayan & Piran
2012), and the jet-within-a-jet model for the prompt emission
in GRBs (assuming that the jet is magnetically dominated)
(Narayan & Kumar 2009; Lazar et al. 2009; Zhang & Zhang
daniel.kagan@mail.huji.ac.il
2014; Beniamini & Granot 2015) both rely on this beaming to
produce the fast variability observed, so the amount of beam-
ing produced in magnetic reconnection is critical for evaluat-
ing their viability.
Numerical investigations of particle acceleration in rela-
tivistic magnetic reconnection are generally carried out us-
ing particle-in-cell (PIC) simulations that include all kinetic
effects required to probe the non thermal spectrum of high-
energy particles and the possible anisotropy in the particle dis-
tribution. These simulations, which have mostly focused on
the pair-plasma case which is easier to simulate, have shown
that reconnection can produce non thermal tails of highly ac-
celerated particles in both two and three dimensions (Zeni-
tani & Hoshino 2001, 2005, 2007; Zenitani & Hesse 2008;
Jaroschek et al. 2004, 2008; Bessho & Bhattacharjee 2005,
2007, 2012; Daughton & Karimabadi 2007; Lyubarsky & Liv-
erts 2008; Liu et al. 2011; Cerutti et al. 2012, 2013, 2014;
Werner et al. 2016; Sironi & Spitkovsky 2014; Sironi et al.
2016; Guo et al. 2014, 2015; Liu et al. 2015), and results are
similar when electron-ion plasmas are studied (Melzani et al.
2014; Sironi et al. 2015; Guo et al. 2016). In most cases, the
spectrum of the highly accelerated particles has been consis-
tent with a power law, although analytical models by Larrabee
et al. (2003) and Bessho & Bhattacharjee (2012) indicate that
the distribution may be different. This distribution can be hard
enough, especially at large magnetisation, that the particles
at the highest Lorentz factors dominate the energy distribu-
tion (Sironi & Spitkovsky 2014; Melzani et al. 2014; Werner
et al. 2016; Guo et al. 2014, 2015; Guo et al. 2016). It has
been suggested that the drift-kink instability (DKI) may pnt
the development of fast reconnection and particle accelera-
tion in three-dimensional simulations without a guide field
perpendicular to the reversing field of reconnection (Zenitani
& Hoshino 2008), but more recent work has shown that on
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2longer timescales fast reconnection and particle acceleration
indeed take place, just as in the two-dimensional case (Sironi
& Spitkovsky 2014). In this work, we therefore carry out two
dimensional simulations with the expectation that the results
will apply to three-dimensional reconnection as well. We do
note that the details of reconnection in 2D are likely to be
different from those of the reconnection on long timescales
that follows the initial effects of the drift-kink instability, but
the overall physics is likely to be the same. The relativis-
tic beaming of particles and the resulting synchrotron radi-
ation resulting from coherent bulk outflows in reconnection
has been investigated to a lesser degree. The evidence for
the presence of relativistic bulk flows in simulations is un-
certain, with Sironi & Spitkovsky (2014) finding fast rela-
tivistic flows, and Melzani et al. (2014) finding in the case
of electron-ion plasmas that only mildly relativistic outflows
are present. In relativistic MHD simulations of forced re-
connection with moderate magnetization, Deng et al. (2015)
found that near-Alfvénic outflows were produced, although it
is uncertain whether this would continue at high magnetiza-
tion. It should be noted that the bulk outflows may not be a
good probe of the beaming of the outgoing radiation, since
the hard power laws found in relativistic reconnection indi-
cate that the output flux will be dominated by higher-energy
particles, which may not be beamed in the same way as the
bulk plasma. Cerutti et al. (2012, 2013, 2014) have found in
both two and three-dimensional simulations that substantial
beaming of particles and radiation results from magnetic re-
connection; the radiation can be beamed within ∼ 2− 4% of
the sky, However, these simulations focus on the radiation of
particles close to the synchrotron burnoff limit, where they ra-
diate in a time comparable to their period of gyration. Yuan
et al. (2016) carries out simulations of explosive reconnection
including radiative feedback, finding significant beaming and
variability in both the fast and slow cooling cases, but low ra-
diative efficiency in the slow cooling case. In this work, we
investigate the beaming of particles under the assumption that
they do not radiate their energy quickly.
Relatively little numerical investigation has been done of
relativistic reconnection at high magnetisations, but there
is significant evidence that reconnection physics, and thus,
beaming, will be significantly affected. Bessho & Bhattachar-
jee (2012) and Liu et al. (2015), but not Guo et al. (2014),
find that at high magnetisations the velocity of inflows into
the current sheet and the normalised rate of reconnection of
magnetic fields becomes extremely high, of order unity as op-
posed to the typical values of 0.05−0.2 found for both nonrel-
ativistic (Birn & Hesse 2001) and relativistic (e. g. Liu et al.
2011; Bessho & Bhattacharjee 2012; Melzani et al. 2014; Liu
et al. 2015) reconnection at lower magnetisation. It is possible
that at high magnetisations the density of background plasmas
is very low. While magnetospheric space-plasma measure-
ments have indicated that density contrasts in nonrelativistic
reconnection are typically modest (Eastwood et al. 2010), rel-
ativistic reconnection has never been observed directly and it
is uncertain whether this result will apply in the relativistic
case. Bessho & Bhattacharjee (2012) finds that in this low-
density case, the current sheets became very thick, and there
is a deficit of particles at intermediate Lorentz factors between
the beginning of the nonthermal tail and the highest-energy
particles. Our simulations investigate the physics of relativis-
tic reconnection at high magnetisation and low background
density, as well as extending the investigation of beaming to
these relatively unexplored regimes.
This paper is organised as follows. In Section 2 we discuss
our method of simulation and calculation of synchrotron radi-
ation. In Section 3, we present the results of our simulations,
including our calculations of the beaming of both particles
and synchrotron radiation. Finally, in Section 4, we discuss
our conclusions.
2. METHODOLOGY
We use the relativistic particle-in-cell (PIC) plasma code
TRISTAN-MP (Spitkovsky 2008) to simulate the evolution of
relativistic reconnection in two dimensions in a pair plasma.
Particle-in-cell simulations include the kinetic effects of in-
dividual particle motions by evolving the discretised versions
of the exact equations of electrodynamics - Maxwell’s Equa-
tions and the Lorentz force law. The fields are calculated on
the vertices of a grid, while the particles that are evolved us-
ing the Lorentz force law (interpolated from the grid to their
positions) are macroparticles, each of which represent many
physical particles. This section describes the initial condi-
tions, parameter choices, and resolution requirements in these
simulations.
2.1. Initial configuration
We use a rectangular spatial domain of the form 0 ≤ x <
Lx, 0 ≤ y < Ly, and the boundary conditions are periodic in
all directions. The initial configuration contains two Harris
current sheets (Harris 1962) without guide field at x = Lx/4
and x = 3Lx/4 with antiparallel currents. It is characterised by
the magnetic field profile
B = B0
[
tanh
(
x−Lx/4
δ
)
− tanh
(
x−3Lx/4
δ
)
−1
]
yˆ, (1)
where δ is the half-thickness of each current sheet.
The density profile, which is defined including both species,
consists of a specially varying, drifting current population en-
tered at each current sheet, plus a background population of
stationary particles.
n = n0
[
sech2
(
x−Lx/4
δ
)
+ sech2
(
x−3Lx/4
δ
)]
+nb. (2)
Pressure equilibrium between the background and the cur-
rent sheet requires that B20 = 4pin0T0, where T0 is the temper-
ature of the particles (in units of mc2) in the drifting current
sheet population in the simulation frame. The density in the
middle of each current sheet in the lab frame is nb + n0, and
the density in the background plasma is nb.
The drift velocity β of the positively charged and negatively
charged particles in the current sheet population is given by
the relation
β+ = −β− =±B0/(4pin0qδ)(−zˆ), (3)
where the sign is positive for particles in the current sheet
at x = Lx/4 and negative for particles in the current sheet at
x = 3Lx/4.
We do not add any initial perturbation to this equilibrium,
but instead allow instabilities to grow from noise.
2.2. Parameters
One of the important parameters determining the physics of
reconnection is the value of the magnetization σ, which in a
3pair plasma is given by
σ ≡ B
2
4pinmc2h
, (4)
where h = γ +P/(mnc2) is the average enthalpy of particles, γ
is the mean particle Lorentz factor and P is the particle pres-
sure.
We investigate the physics of reconnection at three values
of the magnetisation in the background plasma σ0 =4, 40, and
400. We initialize the drifting and stationary populations of
both species in a relativistic Maxwellian at temperature T0 =
0.5mec2, which corresponds to γ = 2.05 and h = 2.55. The
value of n0/nb used to initialise each simulation may be found
using the equation,
n0
nb
=
σ0h
T0
, (5)
where we define σ0 as the magnetisation in the background
plasma. This equation can be derived by combining the equa-
tion of pressure equilibrium above with the definition of σ (4).
The other important parameter for the physics of reconnec-
tion is the ratio δ/λp, where λp is the plasma skin depth of
particles in the center of the current sheet, given by
λp =
√
γmc2
4pin0q2
. (6)
This ratio sets the drift velocity of the plasma, which can be
found by combining Equations (3), (5), and (6) to yield
β =
√
T0
γ
λp
δ
. (7)
We choose to set δ/λp = 3, which corresponds to a mildly
relativistic drift velocity in the current sheet β = 0.17. This
current sheet width is small enough that fast reconnection can
occur.
Our choices for the parameters set the physical system up
to the choice of fiducial magnetic field B0, so that it can be
scaled to model many physical systems.
2.3. Resolution requirements
In a PIC simulation, the number of macroparticles of
each species located in each grid cell must be large enough
to resolve variations in the current density and limit high-
frequency particle noise. TRISTAN-MP uses a current fil-
tering algorithm to reduce high-frequency particle noise, sub-
stantially reducing the required number of macroparticles per
cell per species. A convergence test described in the work of
Kagan et al. (2013) has demonstrated that the evolution of re-
connection configurations with this filtering in TRISTAN-MP
is unaffected by particle noise for densities as low as 4 par-
ticles/cell/species. We choose to initialize the simulations
with 8 macroparticles/cell/species, but we have carried out
convergence tests for particle densities up to 25 macroparti-
cles/cell/species, finding similar results. Density gradients in
the initial configuration are accounted for without computa-
tional cost by varying the mass of macroparticles while keep-
ing the charge-to-mass ratio the same. In all simulations, the
fraction of particles with mass significantly different than the
average is small, and the presence of these varied macroparti-
cles has no significant effect on the dynamics.
To resolve the kinetic length scales of reconnection, which
automatically resolves modes on the scale of the current sheet
width, we set the grid spacing ∆x = λp/8, which ensures
that the kinetic spatial and temporal scales are adequately re-
solved. The convergence tests by Kagan et al. (2013) dis-
cussed earlier in this section found that the evolution is in-
sensitive to increases in resolution beyond this value, but we
also carry out separate convergence tests that indicate similar
physics up to ∆x = λp/20.
Finally, to ensure that we are able to probe nonlinear recon-
nection in a quasi-steady state, the size of the simulation must
be much larger than the fastest-growing linear tearing mode
wavelength of order 10δ, and the duration tmax of the simula-
tion must be significantly larger than the time required for an
Alfvén wave to cross the box (see Kagan et al. (2013) for a de-
tailed discussion). We choose Lx = 800λp, Ly = 600λp, which
is much larger than the tearing length scale of 10δ = 30λp.
These large spatial scales for the box make adding 3D effects
impractical because it would require larger computational re-
sources by a factor of approximately 5000.
For our simulations, in which σ  1, the Alfvén speed is
close to the speed of light, so the duration of the simulations
must satisfy ωptmax > 800, where ωp = c/λp is the plasma os-
cillation frequency. We choose to run our simulations for a
total duration of at least ωptmax = 2500, which is significantly
longer than this required duration. Energy is conserved within
0.5% in all of our simulations.
2.4. Synchrotron radiation calculations
In this paper, we calculate the radiation spectrum assuming
that particles radiate solely through synchrotron radiation in
the limit where radiative feedback is negligible; Because the
presence of electric fields means that the synchrotron radia-
tion formulae cannot be used in the lab frame, and there may
be no frame in which the electric field vanishes in a recon-
nection region we use the prescription of Wallin et al. (2015)
to calculate an effective magnetic field Beff that would pro-
duce the instantaneous radius of curvature of the particle; this
replaces all factors of Bsinα, where α is the angle between
the particle direction of motion and the magnetic field direc-
tion, in synchrotron formulae. Assuming that the force during
a single tilmestep is adequately approximated by the Lorentz
force at the particle’s position, the effective magnetic field is
Beff =
mcγ
q
√
p2F2L − (p ·FL)2
p2
, (8)
where FL is the instantaneous Lorentz force resulting from the
electromagnetic field at the particle location.
Then the total synchrotron power P is given by
P =
2q4γ2B2eff
3m2c5
, (9)
and the synchrotron spectrum for each particle is given by
dFω
dω
=
√
3q3Beff
2pimc2
F
(
ω
ωc
)
, (10)
where ω is the radiation frequency and ωc is the peak radiation
frequency,
ωc =
3qBeffγ2
2mc
, (11)
4and F is the synchrotron function
F(x) = x
∫ ∞
x
K5/3(x)dx, (12)
where K represents a modified Bessel function of the second
kind.
In calculating the synchrotron spectrum as a function of
direction, we do not use the fully general formula in which
radiation at different frequencies has different angular distri-
bution; instead, we assume that all radiation is distributed ac-
cording to the angular distribution of total power per unit solid
angle (Hofmann 2004)
f (θ) =
7
12
f0(1+ (θγ)2)−5/2
(
1+
5
7(1+ (θγ)−2)
)
(13)
where θ is the angle between the particle direction and the
observer direction and f0 is the power per unit solid angle of
radiation emitted in the direction of particle motion θ = 0. We
then use a kernel to allocate the total radiation in a discrete
grid of observer directions. Our calculations of synchrotron
power are in arbitrary units, and our calculated radiation fre-
quencies are normalized to (within order unity) 0.29ωc, so
our synchrotron radiation calculations, like our particle-in-
cell calculations, do not depend on the absolute value of the
magnetic field B.
3. RESULTS
The evolution of the current sheet in all of our simula-
tions is similar to that found in previous 2D simulations of
magnetic reconnection. The initial configuration is unstable
to the tearing instability seeded by noise, and this instability
grows producing chains of alternating X-points where recon-
nection occurs and dense magnetic islands where the outflows
from reconnection meet. The instability becomes nonlinear at
ωpt ∼ 300 in all simulations, and the islands begin to merge
in hierarchical fashion until only one is left at typical time
ωpt ∼ 700, at which point fast energy transfer stops. When
the X-points and islands become large enough, secondary is-
lands and secondary X-points in between them can form due
to secondary tearing instabilities in the large X-points or in
the current sheet produced between merging magnetic islands.
Figure 1 shows schematically these structural elements of the
reconnecting current sheet in our simulation with σ0 = 4 dur-
ing this nonlinear stage. In the X-points the particles are ac-
celerated by the electric field in the ±z direction. while at the
edges of the X-point, particles flow towards the islands in the
±y direction as part of the outflow from the X-point. As we
show later in Section 3.4, particles in the X-point tend to have
most of their motion in this plane, with different species hav-
ing opposite motions in the z direction but similar motions in
the y directions at a given location.
In this paper, we focus on the configuration of reconnec-
tion midway through this process at ωpt ∼ 500, a time when
the rate of conversion of magnetic energy to kinetic energy
is near its peak and the simulation is not yet affected by the
boundary conditions because there has not been time for for
a light wave to cross the box. In this way, we ensure that
our results are not sensitive to the size of the simulations. Be-
cause the initiation of reconnection occurs at slightly different
rates in each simulation we choose a slightly different time in
each simulation for detailed analysis. Our results, which are
discussed throughout this section, are summarised in Table 1.
Table 1
Table of Simulations
Runa rrec,maxb 〈py, typ〉/mc c αd γpe Trough? f
S4 0.15 1.55 1.65 25 No
S40 0.20 1.82 1.5 130 Yes
S400 0.17 2.04 1.4 180 Yes
a The number in each run indicates the initial value of σ0 in that
simulation.
b rrec is the reconnection rate calculated using the method discussed
in Section 3.2.
c The typical bulk momentum in the outflow direction, measured as
described in the caption to Figure 3.
d The power law index of the high-energy tail of the energy spectrum
for all particles initially located outside the current sheets.
e The approximate value of the maximum Lorentz factor of the
power law at late times. The value for simulation S400 is affected
significantly by boundary conditions, so it is probably not reliable.
f Indicates whether the particle energy spectrum at the center of the
current sheet in an X-point in the simulation has a trough separating
a group of low energy-particles from another population of much
higher-energy particle rather than a continuously decreasing power
law.
While many aspects of the simulations do not depend qual-
itatively on σ0, significant differences are found between sim-
ulation S4 with σ0 < 10 and simulations S40 and S400 with
σ0 > 10. In simulation S4, the current sheets remain thin
throughout the evolution, consistent with the results of Sironi
& Spitkovsky (2014). As a result, the aspect ratios of the
large-scale X-points are large, and secondary islands and X-
points are produced within them by secondary tearing insta-
bilities. In contrast, for simulations S40 and S400 we find
that the current sheet width increases as the structures become
larger, and aspect ratios remain small, of order 10. As a re-
sult, no substructure is formed in these current sheets. This
is likely a result of the initial conditions in our simulations, in
which density contrast is used in the initial conditions to main-
tain pressure balance. Bessho & Bhattacharjee (2012) found
in their two-dimensional relativistic simulations that when the
density contrast in the current sheet, which in our simulations
with T = 0.5mc2 is approximately 5σ0, is significantly larger
than 10, a phase change in reconnection occurs which leads to
widening of the current sheet and produces significantly dif-
ferent reconnection physics. In this paper, we examine what
aspects of reconnection are significantly affected by this phase
change.
This section is organized as follows. In Section 3.1 we dis-
cuss the overall evolution of the reconnection configuration in
the three simulations. In Section 3.2 we discuss methods of
measurement of the reconnection rate in our simulations and
compare our results to those found in other simulations. In
Section 3.3 we investigate the particle energy spectrum pro-
duced by acceleration in the overall simulation and the local
particle energy distribution at various locations in the current
sheet. In Section 3.4 we calculate the spatial distribution of
velocities for particles of different energies throughout the
current sheet. In Section 3.5, we calculate the angular dis-
tributions of particle velocities and the resulting synchrotron
radiation, and investigate whether strong beaming of either is
produced in our simulation.
3.1. Overall evolution
Figure 2 shows the reconnection configuration for σ0 = 4 at
time ωpt = 591 (left column), σ0 = 40 at time ωpt = 534 (mid-
dle column), and σ0 = 400 at time ωpt = 478 (right column).
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Figure 1. The average kinetic energy as a function of location in simulation
S4 in the middle of the reconnection process at ωpt = 591. Boxes and labels
of the same color show the schematic features of reconnection: an X-point
(blue), a magnetic island (red), a group of secondary islands within an X-
point (orange), a pair of merging islands (green), and outflows from an X-
point towards two islands (brown).
The top three rows of panels show the basic characteristics
of relativistic reconnection in these simulations. The tearing
instability has produced alternating X-points and magnetic is-
lands, with particles entering the current sheet at X-points and
flowing out into the magnetic islands flanking the X-points in
both directions. Secondary current sheet structures are identi-
fiable at the locations of island mergers. Although the limited
island size at the chosen time of investigation makes the de-
tailed structure of these current sheets unclear, examination of
similar secondary current sheets at later times indicates that
they have the same X-point and magnetic island structures
found in the primary current sheets. The plot of density ρ in
the first row of Figure 2 shows that in all of our simulations
most of particles that enter the current sheet are eventually
concentrated in the centers of magnetic islands. However, in
contrast to the simulations of Sironi & Spitkovsky (2014), we
find that these particles are not highly accelerated. This differ-
ence likely arises from the differing initial conditions; in our
simulations, all particles begin at the same temperature, while
in those of Sironi & Spitkovsky (2014), the current sheet pop-
ulation begins with Lorentz factors similar to σ0. Particles in
the center of the islands are likely to be those that initially en-
tered the X-points; such particles have had time to isotropize
and are more likely to remain in the center of the islands.
Particles with high energies that enter the magnetic islands
at later times go into the current sheet with a significant ini-
tial momentum in the x direction and therefore oscillate across
the islands, spending most of the time at island edges where
their direction reverses. Therefore, the different temperatures
found at island centers are a result of the initial conditions,
rather than differing reconnection physics. The second row
of Figure 2, which shows the magnetic energy to particle rest
mass ratio B, confirms that both the centers of islands and the
X-point regions are dominated by particle energy as expected
in magnetic reconnection.
Detailed examination of the third row of Figure 2 indicates
that particles entering the current sheet at X-points where re-
connection is taking place are initially mildly relativistic with
γ ∼ 2, but are accelerated to a typical Lorentz factor larger
than 10 in the reconnection region. Conservation of energy
implies that the typical Lorentz factor in the current sheet
measured in the lab frame should be approximately equal to
σ0 if the background particles are cold. For simulation S40
with σ0 = 40, and simulation S400 with σ0 = 400, the results
shown in the third row of Figure 2 are broadly consistent with
this expectation (note that the values of 〈γ〉 in the center of
the current sheet for simulation S400 can be as large as 200).
In contrast, for simulation S4, the typical Lorentz factor in
the current sheet is significantly larger than σ0 = 4, 〈γ〉 ∼ 20,
but this is consistent with the maximum γp of the power law
discussed in the next section.
The fourth row of Figure 2 shows the bulk momenta of the
plasma in the simulations. It indicates that there are three
locations in which significant bulk flows are present. The
first location is the inflow region of X-points, which has only
mildly relativistic flows of approximately 〈px〉/mc ∼ 0.2 in
simulation S4 but highly relativistic inflows with 〈px〉/mc> 2
in simulations S40 and S400; these high velocities are con-
sistent with those found by Bessho & Bhattacharjee (2012)
in their simulations of low-density plasmas. However, these
flows are intermittent and we show later that they do not imply
an extremely high rate of energy transfer overall.
The second location of significant flow is in apparent shock
waves produced by the collisions of magnetic islands, which
produce disturbances in the background material that increase
in importance with σ0. However, these disturbances are not
associated with significant energy transfer or radiation. It
should be noted that individual species of particles tend to
have oppositely oriented fast flows in the ±z direction in the
center of the X-point which are not shown in calculations of
bulk motions; we discuss these in section 3.4.
The third location of significant velocity flow is the out-
flow regions of X-points as particles move towards magnetic
islands. These locations are are typically thought to contain
the fastest flows produced in relativistic reconnection, with
typical flow momenta of ∼ √σ0 found in the simple model
of Lyubarsky (2005) as well as the simulations of Sironi &
Spitkovsky (2014) and Sironi et al. (2016). Figure 3 shows the
outflow bulk momentum distribution in the current sheet. In
all runs, this distribution is flat up to approximately 〈py〉 = mc,
and that the cutoff above this value does not depend strongly
on σ0. Specifically, we find that the typical bulk momentum
in the outflow direction 〈py, typ〉/mc defined in the caption to
Figure 3 increases only slowly with σ0 from 1.55− 2.04 (see
Table 1), which in the highest-magnetisation case of simula-
tion S400 is much smaller than the prediction of
√
400 = 20.
This result is resolution-independent, varying by at most 9%
with macroparticle density and cells/skin depth for all values
of σ0, and it is consistent with the finding by Melzani et al.
(2014) in the case of electron-ion plasmas that the vast ma-
jority of the kinetic energy produced in high-σ reconnection
is converted to random motion, rather than ordered bulk out-
flows.
Finally, the fifth row of Figure 2 shows the total synchrotron
power emitted at each location in arbitrary units. The regions
of significant emission are the outflow regions of X-points and
the outlying areas of islands, with particularly high emission
located at the points where small islands meet larger islands,
such as the location x = 200λp, y = 580λp in simulation S4.
Unlike the case of the bulk momenta, contributions to the syn-
chrotron radiation from the inflow region of X-points in sim-
ulations S40 and S400 are relatively small, indicating that
any beaming that may occur there does not have a strong ef-
fect on the radiated emission. This indicates that that the loca-
tions of synchrotron emission do not depend qualitatively on
the value of σ0. The oppositely oriented flows of individual
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Figure 2. The structure of the simulation with σ0 = 4 at time ωpt = 591 (left column) σ0 = 40 at time ωpt = 534 (left column), and σ0 = 400 at time ωpt = 478
(right column). The colors show the total number density n normalised to the background density nb (top row), Magnetic energy to total particle rest mass ratio
b = B2/8pinmc2 (second row), average particle kinetic energy 〈γ〉 (third row), the bulk momentum of the plasma 〈p〉/mc (fourth row), and the total synchrotron
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arrowheads and lengths of the arrows are proportional to the bulk momentum in each panel, but their sizes vary between panels to clearly illustrate the direction
of the bulk momentum. Arrows are only shown for locations with 〈p〉/mc > 0.5 for σ0 = 4 and 〈p〉/mc > 2.0 for σ0 = 40 and σ0 = 400.
species at the center of X-points also have little effect on the
overall emission, because they are located in a region of small
magnetic field. In our later calculations of synchrotron emis-
sion and beaming, we focus on simulation S40 in our analysis
but confirm that there is no significant qualitative dependence
on σ0 in our results.
3.2. Reconnection Rate
The rate of conversion of magnetic energy to kinetic en-
ergy in reconnection is of paramount importance for the fast
production of possibly beamed radiation in relativistic recon-
nection sites. In general, reconnection rates are defined by
assuming a steady-state reconnection equilibrium with inflow
velocity vin and outflow velocity vout. Then the normalised
reconnection rate is given by rrec = vin/vout, which implicitly
assumes that the efficiency of conversion of magnetic to ki-
netic energy is very high once plasma enters the current sheet.
This assumption is indeed justified by the fact that the current
sheet is dominated by the energy of the particles in numer-
ical simulations, as shown in the the plot of B in Figure 2,
but this is not a direct measurement. Due to the difficulty
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Figure 3. The distribution of the bulk outflow momentum 〈py〉/mc calcu-
lated at locations with x-coordinate within±10λp of a current sheet for each
run. The distribution is flat up to approximately 〈py〉/mc = 1 in all simula-
tions, and then declines quickly. We calculate a typical outflow bulk momen-
tum 〈py, typ〉/mc (shown in Table 1) by finding the value of 〈py〉/mc where
the distribution falls by a factor of 10 from its value at 〈py〉/mc = 1. This
parameter does not depend strongly on the choice of cutoff or the width of
the current sheet region at which we calculate 〈py〉/mc. Distributions are
normalized so that they sum to 1.
involved in calculating the typical velocity of inflow, which
varies strongly with position, one instead typically measures
the nearly uniform electric field Ey ≈ vinB0/c, which gives
a normalised reconnection rate of (Bessho & Bhattacharjee
2012; Melzani et al. 2014)
rrec =
Ey
voutB0
=
Ey
vA,inB0
, (14)
where the second part of the equation reflects the common
assumption that the outflow speed is equal to the Alfvén speed
in the inflow region vA,in which is given in the relativistic case
by (Gedalin 1993)
vA,in =
c√
1+σ−10
. (15)
This corresponds to an outflow bulk momentum of
pout/mc =
√
1+σ0, (16)
which is consistent with the predictions of Lyubarsky (2005)
and the simulations of Sironi & Spitkovsky (2014) which have
reconnection outflow Lorentz factors ∼√σ0 but not with our
simulations or those of Melzani et al. (2014), which find mod-
erate outflow Lorentz factors of ∼ 3 which do not depend
strongly on σ0. A somewhat more complex local definition
for reconnection rate has been proposed by Liu et al. (2015),
which similarly predicts high outflow Lorentz factors at high
σ0. The reconnection rate calculated will not be strongly af-
fected by this disagreement because vA,in does not depend
strongly on σ0, but the low values of pout found in some sim-
ulations cast doubt on the physical realism of the models.
In addition to this shortcoming, the local reconnection rate
may not be a good proxy for the global rate of energy transfer
because inflows only occur at X-points rather than throughout
the whole current sheet. In the case of low-density plasma,
Bessho & Bhattacharjee (2012) find that the local reconnec-
tion approaches 1 at high σ0 while remaining close to the typ-
ical value of 0.05− 0.2 found in most simulations at low σ0,
and our results are similar. But the normalised global rate of
energy transfer (discussed below) is similar at all values of
σ0 in our simulations, so the local reconnection rate is not an
adequate measure of the global energy transformation rate.
Sironi & Spitkovsky (2014) define a global measure of re-
connection rate by choosing vin as the average velocity of
inflow far from the current sheet. However, this definition
is somewhat difficult to apply because the distance from the
current sheet must be chosen in a somewhat arbitrary manner
and flows resulting from magnetic island collisions far from
the current sheet may bias the result. Instead, we propose
a definition of reconnection rate based directly on the global
characteristics of energy transfer. The maximum rate at which
energy transfer can take place by reconnection occurs when at
all locations along the current sheet the inflow speed is c and
all magnetic energy is converted to kinetic energy. The energy
gained in this case accounting for the two directions of inflow
into each current sheet and the two current sheets present in
the simulation is approximately
dEK,max
dt
= 4Lyc
B20
8pi
= EB,0 4cLx , (17)
where EB,0 = LxLyB20/8pi is the total energy in the magnetic
field at the beginning of the simulation. Then, we can define
a dimensionless reconnection rate by normalising the rate of
change of total kinetic energy to this value, yielding
rrec =
dEK
dt
Lx
4cEB,0 . (18)
The generalization of this definition to three dimensions
yields the same equation.
We find that the reconnection rate calculated in this way
does not vary strongly with time during the period of fast re-
connection. Table 1 shows the average value of this reconnec-
tion rate in each simulation from the beginning of nonlinear
reconnection at time ωpt = 340 until the end of the reconnec-
tion phase, chosen by the time when significant energy trans-
fer stops. Using this definition, we find that the reconnection
rate does not depend strongly on σ0, but instead occurs at a
universal rate of rate rrec ∼ 0.15−0.2 which is approximately
consistent with the results of past two-dimensional simula-
tions of relativistic reconnection at lower magnetisation (e.g.
Liu et al. 2011; Bessho & Bhattacharjee 2012; Melzani et al.
2014; Liu et al. 2015). We find that despite the significant dif-
ferences in the current sheet thickness and the relativistic in-
flow speeds found in our simulations at different σ0, the global
reconnection rate does not vary greatly. This conclusion needs
testing in 3D simulations, in which the reconnection rate can
be significantly smaller (Sironi & Spitkovsky 2014), but if it
holds in that case our finding that the reconnection rate is in-
dependent of σ0 in relativistic reconnection will be confirmed.
3.3. Particle energy spectra and their variation
We now consider the particle energy spectrum resulting
from relativistic reconnection. In all simulations, reconnec-
tion produces strong particle acceleration, and at around ωpt =
8500 approximately 30% of the magnetic energy in each sim-
ulation has been converted to kinetic energy. The resulting
spectrum for all simulations is a Maxwellian plus a power law,
with a cutoff at high energy. Table 1 shows that the power law
becomes harder at larger values of σ0, with the index α of
the power law spectrum dN/dγ ∝ γ−α changing from 1.65
at σ0 = 4 to 1.3 at σ0 = 400. This relation is in approximate
agreement with the results of previous simulations (Sironi &
Spitkovsky 2014; Guo et al. 2014, 2015) as well as the de-
tailed study of Werner et al. (2016).
The hard power laws found in our simulations indicate that
the maximum γ should reach saturation at late times as a re-
sult of energy conservation. The maximum possible value of
the average Lorentz factor of the particles is γ¯mnbc2≤B20/8pi,
which yields γ¯ = fσ0h, where f , which is expected to be of
order unity, is the fraction of the magnetic energy that is con-
verted into kinetic energy when a part of the plasma undergoes
reconnection. If all of the particles are located in a power
law with 1 < α < 2 beginning at γ0 and ending at γp, with
γp γ0, the average Lorentz factor is
γ¯ = fγ0
2−α
α−1
(
γp
γ0
)2−α
. (19)
Then, we have
γp = γ0
(
σ0h
fγ0
α−1
2−α
)1/(2−α)
. (20)
For h = 2.5 as applicable to our simulations, α = 1.5, and
γ0 = 5, which is consistent with the measured particle energy
spectra at all values of σ0 , we find that as an upper limit,
γp ∼ σ20 . Werner et al. (2016) found in their simulations that
the actual saturation value is close to ∼ 4σ0. We find that
the power law spectra in our simulations indeed reach satu-
ration at late times at Lorentz factors shown in Table 1, and
that the maximum Lorentz factor at saturation γp increases
with σ0. For σ0 = 4, the value of γp = 25 is comparable to
both predictions (which are similar), For σ0 = 40, the value
of γp we find is compatible with the predictions of Werner
et al. (2016). And finally, for σ0 = 400, the value of γp is
much smaller than either prediction. These results may be ex-
plained by the fact that γp is also limited by the total size and
timescale of the simulation. Specifically, the maximum possi-
ble energy gain for a particle accelerated over a time t is given
by ∆γ = eEt/mec2, which may be combined with the defini-
tions of σ0 and ωp to yield ∆γ ∼ (E/B0)ωpt; the local value
of E/B0 ∼ 0.5 in our low density simulations S40 and S400.
Because fast reconnection in our simulations extends over a
maximum period of ωpt ∼ 400, it is clear that the simulation
size is limiting acceleration for simulation S400, but not for
the other simulations.
Physically, the fact that γp is significantly smaller than pre-
dicted by Equation 20 is an indication that particles in the
background of the simulation and those originally located in
the current sheet have received some of the dissipated mag-
netic energy. The plot of 〈γ〉 in Figure 2 indicates that in sim-
ulation S400, the whole background plasma has been heated
by the reconnection in the current sheet from the initial value
of 〈γ〉 ∼ 2 at ωpt = 0 to 〈γ〉 ∼ 4 at ωpt = 478. This strong
heating is likely a result of the boundary conditions becoming
important in this simulation. For simulation S40, the dis-
agreement of the value of γp with the prediction of Equation
(20) arises because most (∼ 83%) of the energy converted
is transferred to the particles initially located in the current
sheet; thus, less energy is provided to the inflowing particles
and they do not reach high γp.
We now investigate in detail the particle energy spectra for
simulation S40 with σ0 = 40, including an investigation of its
variation with location. The only significant qualitative dif-
ference between the spectra at different values of σ0 is the
presence of a "trough" in the X-point spectrum at intermedi-
ate energy for σ0 = 40 and σ0 = 400 and the absence of such
a trough for σ0 = 4, which will be discussed later in this sec-
tion. This qualitative difference is present in the simulations
of Bessho & Bhattacharjee (2012) for low-density plasmas
that correspond to high σ0, as well.
In this analysis, and in most of our later results, we focus on
the characteristics of the positively charged (macro)particles
in order to display the differing motions of each species that
produce the antiparallel flows that constitute the current in
each current sheet. Results for the negatively charged par-
ticles are always very similar to the results for positively-
charged particles, except that motions in the±z directions are
reversed for a given current sheet. Since we are simulating
a pair plasma, we occasionally refer to the positively charged
particles as positrons. The top panel of Figure 4 shows energy
spectra in the overall box and in various regions of the box,
while the bottom panel of the figure shows several regions of
interest for which we take particle energy spectra, which cor-
respond to the center of the current sheet in an X-point (Re-
gion A), the entire X-point (Region B), and a magnetic island
(Region C).
The top panel of Figure 4 shows that the overall energy
spectrum has a relatively weak thermal peak at γ ∼ 2 with a
hard power law tail that contains a large proportion of the to-
tal energy. The initial energy spectrum at the beginning of the
simulation is also shown, illustrating that most particles with
γ > 4 have been significantly accelerated during the simula-
tion. Region A, which corresponds to the center of the cur-
rent sheet in an X-point, has a peculiar spectrum, consisting
of a moderately accelerated population at γ ∼ 15, which may
correspond to the initial acceleration of particles flowing in to
the current sheet, and another population at very high energies
close to the maximum found in the whole box, with almost no
particles found in the trough at intermediate energies. There
is another trough present at γ ∼ 100, indicating that multiple
features of this type exist. This spectrum may be understood
by considering that the particles being accelerated in an X-
point are moving in Speiser orbits (Speiser 1965) in which
they oscillate across the current sheet while being accelerated
by the electric field in the X-point. Because the initial inflow
is relativistic, the particles that flow into the current sheet at
a given time tend to have similar and large momenta in the
x direction with low random velocity and the particles will
undergo few oscillations before leaving the X-point. Thus,
particles in the X-point with a given value of γ will all tend to
be at a similar distance |x− 200λp| from the center of the X-
point. If the distance is high, a trough will be present and the
particles will tend to have little momentum in the x direction,
while if the distance is low the trough will be absent and the
particles will have large momenta in the ±x direction. Over
longer timescales in which many Speiser oscillations can oc-
cur, we expect these features to disappear as the particles no
longer move coherently. The spectrum in Region B indicates
that when a larger portion of the current sheet is included, the
trough disappears because the particles with high oscillation
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Figure 4. (top panel) The energy spectra γdN/dγ of the positrons in sim-
ulation S40 normalised to the total particle number for the whole simulation
box (black), the center of the current sheet in an X-point at 196< x/λp < 204,
320 < y/λp < 520 (Region A, red), the whole X-point at 184 < x/λp < 216,
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the whole box is also shown (black, dot-dashed). (bottom panel) The average
kinetic energy 〈γ〉 at each location in the simulation, with boxes highlighting
the locations of each region at which spectra are calculated.
amplitude are now included in the spectrum.
The spectrum in the magnetic island (Region C) is very dif-
ferent than that found in the X-points. Instead of having a
thermal peak at the background average energy of γ ∼ 2 ,
the peak is at a significantly larger value of γ ∼ 7, which is
similar to the average kinetic energy in the center of the is-
land where the density is extremely high. Above this peak,
the particle energy spectrum declines faster than the overall
power law of p = 1.5, but bumps are present at γ ∼ 30 and at
γ ∼ 50 which correspond to locations in Region C with sim-
ilar values of 〈γ〉, corresponding approximately to the colors
yellow and red in the bottom panel of Figure 4. The magnetic
island appears to have relatively few particles with γ > 60,
indicating that the highest-energy particles are found mainly
in the X-points. As long as fast reconnection is still taking
place and the highest-energy particles have not reached sat-
uration, the particles remaining in the X-points will always
have a higher energy than those in the islands because they
have spent a longer time being accelerated. Overall, these
spectra indicate that most particle acceleration takes place in
reconnection regions, in which hard power laws are produced.
The magnetic islands mostly contain particles that have been
only slightly accelerated in the X-points, which are in an ap-
proximately thermal distribution peaked at γ ∼ 7, and high-
energy particles contribute less of the total particle energy in
these regions. The overall energy spectrum of particles that
have entered the current sheet and been accelerated will be
some combination of the spectra shown for Regions B and
C. This spectrum peaks at around γ ∼ 10, which is around 5
times the initial average particle energy, and has a hard power
law spectrum that extends to high energies; the exact index of
the power law depends on whether more particles are located
in the X-points or the islands. We expect these accelerated
particles to dominate the high-energy synchrotron emission,
so we study in detail the particle distribution and the resulting
radiation from these two regions in the subsequent sections.
At late times in the simulation, as energy conversion
through reconnection becomes slower, the islands become the
dominant reservoir of the highest-energy particles due to ei-
ther saturation of γp or the influence of the boundary condi-
tions, with most of these particles being located where out-
flows from X-points meet the outer layers of the island. Nev-
ertheless, particles in the X-points still have a higher average
energy than those in the islands do at late times. Because this
saturation may be a result of artificial boundary conditions,
we assume that the particle distributions at the earlier time fo-
cused on in this work are a more accurate representation of
particle energy spectra in large-scale reconnection.
3.4. Beaming of particles as a function of location
Although we have not found bulk beaming in our simula-
tions, it is still possible that strong energy-dependent kinetic
beaming (Cerutti et al. 2012) will be present. In this section,
we discuss the average momentum and the spread in the di-
rection of the momentum (i.e., the beaming) as a function of
energy for particles at various locations in the simulation. We
exclude particles that began in the current sheet from our cal-
culations, just as in Section 3.3. Particles that are not signif-
icantly accelerated can have strong momentum flows in three
locations, as explained in Section 3.1. However, particles
that are significantly accelerated with γ > 5 only have signifi-
cant bulk momentum, and significant beaming, in the X-point
and in the outflow regions from those X-points in the current
sheet. Although bulk flows are not present in magnetic is-
lands. we investigate whether there is beaming of high-energy
particles in these locations, because they dominate the bolo-
metric synchrotron flux.
3.4.1. Beaming of particles in X-points
We first study the beaming of particles in the X-points and
their adjacent outflow regions. We focus on the beaming of
particles in Region A to include in the analysis the spread in
the x direction resulting from particles entering the X-point in
the opposing ±x directions. In the X-point outside of this re-
gion, there is a net momentum in the ±x direction and very
little spread in that direction, which is unrepresentative of
the particle distribution in the X-points. Figure 5 shows the
characteristics of the momentum distributions of the positrons
(positively charged macroparticles) as a function of γ for par-
ticles located in the middle X-point in the left current sheet in
Region A. The top panel of the figure shows the direction of
bulk momentum in the y− z plane; the average momentum of
particles in the x direction is close to 0 everywhere in Region
A because the inflows are of similar strength on both sides of
the X-point. It indicates that the direction of the bulk momen-
tum changes gradually from the direction of the acceleration
provided by the electric field (+z) towards the direction of the
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Figure 5. Characteristics of the velocity distribution for the positrons with
Lorentz factors in energy bands centered on γ = 8.3, 12, 26, 56, and 120
in Region A at 196 < x/λp < 204, 320 < y/λp < 520, corresponding to the
center of an X-point in the x direction. The figure shows the angular direction
of the bulk momentum in the plane of the current sheet (top), bulk momentum
normalised to the energy band 〈p〉/mcγ (middle), and the beaming angle
of the particle distribution normalised to 1/γ (details of the calculation are
shown in the text). Each point represents a calculation of these quantities for
particles within a square of size 8λp centered on the value of y shown and the
x-coordinate x/λp = 200 which corresponds to the center of the left current
sheet. The values of y are restricted to the range −100 < (y− yx)/λp < 100,
where yx = 420λp corresponds to the center of the X-point in the left current
sheet.
outflow (±y) as one moves from the center of the X-point
towards the magnetic islands. Positrons with higher energy
are deflected somewhat less towards the outflow direction as
they move away from the center of the X-point. This makes
sense because such particles have significantly higher inertia
following acceleration than lower energy particles do.
The second panel of Figure 5 shows the ratio of the bulk
momentum of particles falling within a given energy band
to the central Lorentz factor of that band. At all locations,
the bulk momentum is similar to the total Lorentz factor, in-
dicating that almost all of the particles are moving in the
same direction at a given location. Note that the points with
〈p〉/mcγ > 1 indicate that much of the bulk momentum is in
the higher-energy particles within the band, and as a result the
maximum possible bulk momentum is closer to 〈p〉/mcγmax
where γmax is the maximum value of the Lorentz factor in the
energy band. In all cases,〈p〉/mcγmax < 1, so this high degree
of alignment is indeed physically possible.
The third panel of Figure 5 shows the ratio between the
standard deviation χ of the direction of positron momentum
to 1/γ, the minimum opening angle of radiation arising from
a distribution of particles with Lorentz factor γ. We discuss
this calculation in an appendix. This panel shows that ac-
celerated particles in the X-point typically are beamed within
χγ ∼ 5−10, with no significant dependence of the normalised
value on γ. A somewhat higher spread is found for the case
γ ∼ 26, which also has a significantly lower normalized bulk
momentum in the middle panel of Figure 5, but this is a dis-
crepancy of only a factor of ∼ 3. The increased spread may
occur because there are few particles in Region A at this value
of γ, which is in the trough discussed in the previous section.
These results indicate that accelerated particles located in the
reconnection region are highly beamed, but that the direction
of that beaming changes greatly as one moves from the center
of the X-point to its edge. Thus, the overall particle distribu-
tion and the resulting energy distribution should be strongly
kinetically beamed in the plane of the current sheet (the y− z
plane), but not in other directions.
3.4.2. Beaming of particles in magnetic islands
We now investigate beaming in magnetic islands, focusing
on Region C at 160 < x/λp < 240, 540 < y/λp < 600; we
include particles that began in the current sheet, because they
have a significant contribution to the total particle density at
the island centers. Unlike the case in the X-points, the direc-
tion of the average particle velocity does not vary in a contin-
uous fashion throughout the region. Flows in the x− y plane
tend to be towards the center of the island, but counterflows
are often present as well. Similarly, the z component of the av-
erage velocity tends to be oriented in the direction of particle
acceleration in the X-points (the +z direction for the positrons
studied here), but it is reversed in some locations in the island.
In general, particles are oriented relatively close to the +z di-
rection in the outlying areas of the islands that are not in the
path of outflows from the X-points.
While the direction of beaming of particles in the magnetic
island varies in irregular fashion, the magnitude of beaming
varies with the radius from from the center of the island in
a manner consistent with the increase in the magnitude of
the overall bulk flows with radius (Figure 2, middle column,
fourth row). The top panel of Figure 6 shows that the nor-
malized flow velocity increases with distance from the island
center, but it is generally significantly smaller than the max-
imum values found in the X-point. The bottom panel shows
that the normalised beaming angle decreases with radius, but
it is still generally quite large at all radii. The outer regions
in which this stronger beaming is present also contain higher
typical particle energy (Figure 4, bottom panel), so this result
is consistent with earlier simulations that indicate that parti-
cles that spend a long time in the island are thermalized and
isotropized (Liu et al. 2011), while particles that spend more
time being accelerated in the X-point and enter the island later
do not have time to undergo this process.
Figure 7 shows the variation of the two parameters aver-
aged over the whole island (Region C) with γ. It indicates
that the normalised beaming angle χγ increases quickly with
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γ, so that high-energy particles are not more strongly beamed
than low-energy particles. The normalised bulk momentum
increases slowly with γ, but does not go above 0.8; smaller
beaming angles correspond to a normalised momentum very
close to 1, as shown in Figure 5. The change in behavior of
both parameters above γ ∼ 60 is a result of the fact that the
highest-energy particles in the islands are those that began in
the current sheet. Such particles could began their accelera-
tion earlier than those that began in the background plasma,
but still have time to be isotropized in the islands. Alterna-
tively, they might have been reaccelerated during an island
merger (Oka et al. 2010) or as result of island contraction
(Drake et al. 2006).
Overall, we do not find strong beaming of the particles any-
where in the magnetic islands except for the highest-energy
particles in the regions where the outermost part of the island
meets the reconnection outflows. Instead, we find a very mod-
erate average beaming in the +z direction, the original direc-
tion of acceleration in the X-point. However, it is uncertain if
this will mean there is no significant beaming of the resulting
synchrotron radiation. Unlike the case of the X-points, where
the majority of radiation is likely to be emitted where the mag-
netic field is ∼ B0 and the field varies slowly with y, the field
in the island varies quickly with location. At |d−di| = 20λp
the field can be as high as ∼ 4B0, while the field is typically
∼ 0.1B0 at the center of the island. Thus, the radiation from
the island may be highly beamed if specific locations on the
outskirts of the island dominate the overall emission, which
cannot be ruled out.
3.4.3. Schematic particle trajectory
y
x
z
E
▼
▼
B
Figure 8. A schematic figure showing the trajectory of an electron (red)
moving through an X-point and into an island in the +y direction. The char-
acteristics of the trajectory correspond to the properties of the distribution of
particles and the resulting beaming at each location. We also show a possible
trajectory (light blue) in which the electron instead moves in the −y direc-
tion to exit the X-point. The magnetic field structure is shown in dark blue.
The number of oscillations is exaggerated for clarity; a typical electron only
undergoes 1−2 oscillations during its residence in the X-point.
To clarify the conclusions of this section, we sketch a
schematic particle trajectory and explain how it is consistent
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with the above conclusions. Figure 8 shows the trajectory of
an electron that enters the current sheet at large z. It oscil-
lates across the current sheet in the ±x direction in a Speiser
orbit (Speiser 1965) as it is accelerated by the electric field
in the −z direction. Eventually, it moves in the +y direction
towards a magnetic island and is accelerated in that direction
as it moves. Thus, its velocity moves from the −z direction
towards the +y direction as it moves towards the magnetic is-
land in accordance with the top panel of Figure 5, except that
the initial direction of acceleration is changed from +z to −z
because the charge of the electron is negative. Once the elec-
tron reaches the island, it is moving mostly in the +y direc-
tion, indicating that particles entering the island from the X-
point are highly beamed. Afterwards, the electron is deflected
into a randomised trajectory, indicating that the overall parti-
cle distribution in the magnetic island is not highly beamed,
as shown in Figure 7. It remains mostly on the outskirts of the
island, consistent with the finding in Figure 2 that accelerated
particles are mostly found in current sheets and the outskirts
of magnetic islands.
3.5. Beaming of particles and radiation
This section discusses the beaming of particles and radia-
tion at various energies. Some differences exist between the
beaming results in simulation S4 with σ0 = 4 and those in the
other two simulations due to the presence of the oscillations
in the energy spectrum in the X-point at higher σ0 discussed
in 3.3. However, the oscillations do not have strong qualita-
tive effects, so we focus on the results in simulation S40 with
σ0 = 40.
This section is organized as follows. We first show in Sec-
tion 3.5.1 that the beaming in fast and slow cooling regimes
can be probed by calculating the beaming of particles and
the resulting radiation within an X-point and an island, re-
spectively. Then, in Sections 3.5.2 and 3.5.3 we discuss the
qualitative features of beaming maps in the X-point and the
island. Section 3.5.4 compares quantitative measures of the
beaming of particles and radiation for both regions with pre-
vious work. Finally, Section 3.5.5 schematically summarizes
the characteristics of radiation produced in the fast and slow
cooling regimes.
3.5.1. Fast and slow cooling regimes
In our simulations, we do not directly determine the effect
radiative cooling will have on the particles in a realistic re-
connection configuration. However, because particles can be
accelerated without bound in the X-point during reconnection
due to their focusing toward the center of the current sheet by
electric acceleration (Uzdensky et al. 2011), particles are un-
likely to lose the bulk of their energy until they reach the edge
of the X-point and enter the island. Therefore, the beaming
characteristics of the radiation emitted by a particle will be
determined by whether it cools before its momentum changes
significantly in the magnetic field near the entrance to the is-
land (fast cooling) or afterwards (slow cooling). Note that
this cooling time is fast or slow compared not to the dynam-
ical time for evolution of the overall reconnection structure
but instead to the time for an individual particle to change
its properties by motion within that structure. If the highest-
energy particles accelerated in the X-point are in the fast cool-
ing regime, the beaming characteristics of particles and radia-
tion at high energy are the same as those for the instantaneous
particle and radiation distributions in Region B (an X-point).
Otherwise all particles will radiate in the slow cooling regime,
and the particles and radiation will be beamed similarly to
the instantaneous distributions of the particles and radiation
in Region C (a magnetic island).
We now calculate the limiting Lorentz factor and emission
energy at which the transition from slow to fast cooling oc-
curs. A particle with Lorentz factor γ accelerated in an X-
point with electric field E gains energy at a rate
mc2
(
dγ
dt
)
accel
= qEc, (21)
while the same particle radiating in a magnetic field B loses
energy at a rate
mc2
(
dγ
dt
)
rad
= −
2q4B2γ2
3m2c3
. (22)
The critical burnoff Lorentz factor at which the acceleration
and cooling are equal is
γbo =
√
3m2c4E
2q3B2
. (23)
We can rewrite Equation (22) in terms of γbo as(
dγ
dt
)
rad
= −
qE
mc
(
γ
γbo
)2
. (24)
The cooling time can then be expressed in terms of the rela-
tivistic cyclotron frequency ωg = qB/(mcγ) as
ωg tcool =
B
E
(
γbo
γ
)2
. (25)
Because the time required for a particle’s momentum to be
modified significantly is just the particle’s gyration time 1/ωg,
a particle will be in the fast cooling regime if
γ >
√
B
E
γbo. (26)
The corresponding fast cooling limit for the characteristic
photon energy may be found by combining this equation with
the synchrotron frequency Equation (11), setting Beff = B, and
using the relation  = hω for photons to obtain
 >
9mc3h
4q2
∼ 100 MeV, (27)
where the latter estimate applies for physical electrons.
This indicates that all emission below this energy will come
from magnetic islands in the slow cooling regime. As we see
in the following sections, this has major implications for the
beaming of this radiation.
3.5.2. Beaming maps in the X-point
In both regions, we calculate the angular distribution of par-
ticles and of the synchrotron radiation in three energy bands.
The angular distribution is given as a function of the longi-
tude φ = tan−1(y/z) (the angle within the current sheet) and
latitude θ = sin−1 x (the angle perpendicular to the current
sheet), where r = (x,y,z) is the unit vector corresponding to
a given direction. The frequency ω of radiation is normalized
to ω0 = 0.29ωc, the fiducial peak synchrotron frequency of a
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Figure 9. The angular distributions of the positrons (left column) in three ranges of energy, the total integrated synchrotron flux ωFω from those positrons
(middle column) and the synchrotron flux ωFω integrated over three logarithmic bands of frequency (right column) in Region B corresponding to an X-point at
184 < x/λp < 216, 320 < y/λp < 520 in simulation S40 in an Aitoff projection. Labels on each plot indicate the longitude φ or latitude θ, or indicate that a
point corresponds to a cartesian direction (±x,±y,±z). Each plot is normalised to the total number of positrons (left column) or the total integrated synchrotron
flux (middle and right columns). The distributions in this region correspond to a fast cooling regime.
particle with γ = 1 moving perpendicular to the background
magnetic field B0. Thus, the radiation spectrum from a parti-
cle with Lorentz factor γ is expected to peak at ω/ω0 = γ2 and
the particles in each interval of Lorentz factors are expected
to emit in the corresponding radiation energy band. However,
particles at higher energy in each range often contribute more
synchrotron radiation in each band than those at low energy
do, and many particles emit at significantly higher or lower
magnetic field than B0, so that the energy ranges do not pre-
cisely correspond. Therefore, we also calculate the angular
distribution of the total synchrotron flux as a function of di-
rection from particles in each interval.
Figure 9 shows Aitoff projections of the angular distribu-
tion of the positrons in three energy bands, the total syn-
chrotron flux from those particles, and the synchrotron flux
from all particles ωF(ω) integrated over three logarithmic en-
ergy bands in Region B, corresponding to an X-point. This
radiation corresponds to a fast cooling regime. In the X-point,
the particle energy distribution γdN/dγ shown in Figure 4 is
nearly flat above γ ∼ 20, so that the synchrotron energy per
logarithmic interval in the two lower frequency ranges is dom-
inated by the emission from particles at significantly higher γ.
Therefore, the particle and radiation angular distributions are
significantly different for the two lowest energy bins.
The particle distribution in the lowest energy band (top row,
left column), corresponding to 1 < γ < 3.15 (and the syn-
chrotron radiation from particles in that range, middle col-
umn) is highly anisotropic, but the percentage of particles that
are at such a small γ in the X-point is extremely low (Fig-
ure 4), and they do not contribute significantly to the syn-
chrotron radiation at any frequency. Comparison of the sec-
ond and third rows of Figure 9 indicates that the particles (left
column) and the resulting radiation (middle column) become
more anisotropic as the energy increases, with all of the dis-
tributions becoming focused towards the equator at θ = 0. The
particles are concentrated in two populations. The first is lo-
cated at θ∼ 0 and located approximately at the value of φ pre-
dicted from tan−1(py/pz) calculated at the edge of the X-point.
For the range 10 < γ < 31.5 (100 < γ < 315) these particles
are located at φ∼±60◦ (±50◦), which is close to the value of
tan−1(py/pz) ≈ 58◦(45◦) for γ ∼ 26 (120) found in Figure 5
for particles in the outflow regions at the edge of the X-point.
The second large group of particles has a significant velocity
in the±x direction but is mostly moving in the +z direction in
the y− z plane, with its motion characteristic of Speiser orbits
in the center of an X-point. For 100 < γ < 315, the parti-
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Figure 10. The angular distributions of the positrons (left column) in three ranges of energy, the total integrated synchrotron flux ωFω from those positrons
(middle column) and the synchrotron flux ωFω integrated over three bands of frequency (right column) in Region C (a magnetic island) in simulation S40 in an
Aitoff projection. Labels on each plot indicate the longitude φ or latitude θ, or indicate that a point corresponds to a cartesian direction (±x,±y,±z). Each plot
is normalised to the total number of positrons (left column) or the total integrated synchrotron flux (middle and right columns). The distributions in this region
correspond to a slow cooling regime.
cles moving in the +z direction are also in Speiser orbits, but
they have a much smaller momentum in the ±x direction be-
cause they have spent more time being accelerated (Uzdensky
et al. 2011). These particles are expected to produce little ra-
diation because they spend much of their time in the current
sheet where the magnetic field is low, and indeed the expected
radiation for this population (middle column, bottom row) is
small.
The synchrotron flux distributions in the three frequency
bands are significantly different than those of the particles as
a result of the sharply peaked energy distribution of the par-
ticles. The angular distribution in the frequency band 1 <
ω/ω0 < 10 is clearly similar to that of the particles in the next
higher energy band 10 < γ < 31.5. For 100 < ω/ω0 < 1000
two components are present. One has relatively low am-
plitude and is similar to the distribution of the correspond-
ing particles at 10 < γ < 31.5. The second is concentrated
only along the equator with a smaller range of φ and has a
significantly higher amplitude. This radiation is likely pro-
duced by higher-energy particles moving in Speiser orbits,
which peak in this frequency band because they radiate in
significantly lower magnetic field in the X-point. Finally, for
10000 < ω/ω0 < 100000 the radiation is extremely beamed
on the equator at φ ∼ ±45◦. This beaming is even stronger
than that expected from the distribution of high-energy parti-
cles, but can be explained by considering that slightly lower-
energy particles will only contribute to this frequency band if
they are at the edge of the X-point where the magnetic field
is close to B0 and the beaming is in this direction. Overall, in
the fast cooling case in which most emission comes from the
edge of the X-point, we expect the observed radiation to be
highly beamed.
3.5.3. Beaming maps in the island
Figure 10 shows Aitoff projections of the angular distri-
bution of the positrons in three energy bands, the total syn-
chrotron flux from those particles, and the synchrotron flux
from all particles ωF(ω) integrated over three logarithmic en-
ergy bands in Region C, corresponding to a magnetic island.
We include particles that began the simulation in the current
sheet in our analysis, because they can have a significant por-
tion of the total energy at the center of the island. This radia-
tion corresponds to a slow cooling regime in which radiation
is emitted well after particles exit the X-point and enter the
island. The distributions are significantly simpler than those
found in the X-point.
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Figure 11. The total positron energy spectrum (left) and synchrotron flux spectrum ωFω (right) as well as the standard deviations of the directional distribution
in the φ and θ directions as a function of γ (left) and ω/ω0 (right) . These are calculated for Region B in an X-point, which corresponds to the fast cooling
regime (top row), and Region C in an island, which corresponds to the slow cooling regime with most cooling occurring after the end of reconnection (bottom
row). Note that the calculations in the islands include the particles that began in the current sheet, which is why the distribution there continues to slightly higher
energies than those found in the X-point.
At low energies, all three distributions are nearly isotropic,
although there is a slight concentration of synchrotron flux
in the +z direction. For the middle energy band, the particle
distribution for 10 < γ < 31.5 is concentrated so that most
particles have no significant momentum in the ±z directions.
It is uncertain why this is the case, but the concentration is in
any case fairly small and a significant number of particles are
oriented in the +z direction. The total synchrotron radiation
from these particles and the synchrotron radiation in the corre-
sponding energy band 100<ω/ω0 < 1000 are more isotropic,
with a slight concentration in the +z direction that may be ex-
plained by the fact that the locations where most particles are
oriented in the +z direction are generally in the outlying areas
of the island, where the magnetic field is strong. The par-
ticles in the highest energy range 100 < γ < 315 are highly
anisotropic and oriented in the ±y direction, and the radiation
from these particles has an identical distribution. These are
clearly the highest-energy particles from the population enter-
ing the island from the outflow regions of the X-points, which
are shown in Figure 4 to have the highest average energy in the
islands. Note, however, that these particles are not as concen-
trated in the θ direction as the highest-energy particles in the
X-point. The synchrotron radiation in the corresponding fre-
quency band 10000 < ω/ω0 < 100000 is considerably more
spread out in both φ and θ, probably as a result of the radia-
tion of lower-energy particles in locations with large magnetic
field > B0 that contribute significantly to the observed distri-
bution.
Overall, we expect the emission from islands to be rela-
tively unbeamed except at the highest energies. This high-
energy radiation comes from particles located where outflows
from X-points meet the magnetic islands. However, in the
physical slow cooling case this high-energy particle popula-
tion will probably not radiate until its momentum has been
significantly altered by the field of the magnetic island. If this
is true, we expect no significant beaming at any frequency
for this slow-cooling case. Because AGN and GRBs emit
at energies significantly below 160 MeV in the slow cooling
regime, models of these systems that require strong beaming
may need to be reconsidered. However, this conclusion holds
only if acceleration is a single-step process. If significant
reacceleration that produces beaming occurs in magnetic is-
lands, radiation may be strongly beamed below this limit. Be-
cause particles in the slow cooling regime defined in this paper
can still cool quickly compared to the dynamical time of the
overall reconnecting region, there is a regime in which reac-
celerated particles radiate efficiently below 160 MeV. How-
ever, it is not clear that acceleration mechanisms that work
in magnetic islands, such as island contraction (Drake et al.
2006) and island coalescence (Oka et al. 2010) are likely to
produce strong beaming.
3.5.4. Quantitative beaming calculations and comparison to other
work
We now make more quantitative comparisons of the beam-
ing of particles and radiation in both regions. Because the
angular distributions of the particles in a given energy band
and the total emission from those particles (left and middle
rows of the previous figures) are very similar, we only com-
pare the particle beaming as a function of γ to the synchrotron
distribution from all particles in a region as a function of
ω/ω0. Because all of the distributions appear to have much
larger spread in φ than in θ at high energies, we calculate two
standard deviations χ(φ) and χ(θ) of the angular distributions
about their means φm and θm instead of using a single param-
eter; we discuss the method of calculation in an Appendix. To
correct for the presence of double peaks in the angular distri-
butions for opposite signs of φ, we restrict our calculation to
the region φ < 0.
Figure 11 shows the variation of the standard deviations
χ(φ) and χ(θ) of the angular distributions about their means
φm and θm as a function of energy and the spectral energy dis-
tribution for both positrons and their synchrotron radiation in
both regions. The left column of the figure shows that the
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value of χ(φ) for the particles is insensitive to γ in both re-
gions (although there is a slight decrease in this parameter in
the island at large γ), and that χ(φ) for the radiation is also
insensitive to ω/ω0 below the peak of the synchrotron spec-
trum, which is typically at ω/ω0 ∼ 10000 − 100000. Above
this peak, χ(φ) declines with increased frequency ω/ω0 in
both regions, but only becomes comparable to the small val-
ues of ∼ .05 rad found for χ(θ) in the case of the X-point. In
the X-point (Region B), the reason for this decline is prob-
ably that particles at high energies that are moving in the +z
direction can no longer contribute significantly above the peak
because they are in regions of low magnetic field. In the island
(Region C), the reason for this decline and the slight decline
in the particle beaming is probably that the particle population
that is entering the island from the adjacent X-points becomes
more prominent, and there is less contribution from particles
oriented in the +z direction.
χ(θ) depends much more strongly on energy for both the
particles and the radiation. In the X-point, χ(θ) declines
with γ for γ > 10, but an oscillatory signature is present in
which less spread is present at locations corresponding to
the troughs present in the particle energy distribution for Re-
gion A in Figure 4, and more spread is present at other loca-
tions. The oscillatory signature is also present in the radia-
tion from the X-point, producing a slight rise in spread from
ω = 10000−100000, but it is much less significant because the
particle energy distribution in the X-point is strongly peaked
at γ ∼ 100 and most of the radiation comes from there. In
the absence of the oscillation, we expect the dips in spread
of the particles to disappear, but it is difficult to calculate
the expected trends. For particles moving on Speiser orbits
with amplitude larger than the current sheet width, Uzdensky
et al. (2011) predicts that the spread should decrease as γ−2/3,
which is roughly consistent with the decline from χ(θ) = 0.8
at γ = 10 to χ(θ) = 0.15 at the peak in spread at γ ∼ 75.
In the case of the radiation, the value of χ(θ) decreases ap-
proximately as ω−1/3 for 10 < ω/ω0 < 10000, which is again
roughly consistent with the expected results from Speiser or-
bits because ω ∝ γ2. A decline in χ(θ) with γ also occurs in
the island, but only for γ > 60 above the peak of the parti-
cle energy distribution, and it only decreases to ∼ 0.15 rad at
γ = 100; the steep decline at γ > 100 may be a result of small
number statistics. The corresponding decline in χ(θ) with ω,
which is approximately proportional to 1/ω, begins above the
peak of the radiation distribution at ω/ω0 = 50000 and contin-
ues to high energies, but it ls much less steep than the γ > 100
decline in the particle energy distribution. Again, sharp fea-
tures in the particle beaming are smoothed out in the radiation
beaming.
We now compare our results for the beaming of radiation
with other work. Because we are interested in high energy
radiation that contains significant portion of the total energy,
we focus on the values of χ(θ) and χ(φ) one decade above
the peak of the distribution in each region. which is ap-
proximately at ω/ω0 = 5000 for Region B (the X-point), and
ω/ω0 = 50000 for Region C (the island). The beaming in the
simulations of Cerutti et al. (2012) without radiative feedback,
and Cerutti et al. (2013, 2014), which include radiative feed-
back, indicates that high energy radiation within one decade
in frequency above the peak in ωFω is beamed within a solid
angle of Ω/4pi ∼ 0.02 − 0.04, The solid angle within which
the particles with φ < 0 are beamed in our simulations may
be estimated as piχ(θ)χ(φ), so the beaming solid angle for all
φ in our simulation S40 is Ω/4pi ∼ χ(θ)χ(φ)/2, where the
standard deviations are expressed in radians in the equation.
In Region B (the X-point), at ω/ω0 = 5000, χ(θ) = 0.05 rad,
χ(φ) = 0.18 rad, and Ω/4pi ∼ 0.005. In Region C (the is-
land) at ω/ω0 = 50000, χ(θ) = 0.12 rad, χ(φ) = 0.35 rad, and
Ω/4pi ∼ 0.02. Thus, our results indicate that strong beaming
is present at high energies in both cooling regimes, and our
results are consistent with previous work but indicate slightly
stronger beaming. However, in the slow cooling case the nar-
rowing of the spread at high energies due to particles entering
the island from the X-points may not occur because radiation
is produced well after these particles leave the X-points and
are deflected by the island’s magnetic field. In this case, the
spread at high energies will remain similar to that at low en-
ergies with χ(θ) = χ(φ) = 0.7 rad, and Ω/4pi ∼ 0.25. Thus,
it possible that high-energy radiation produced in relativistic
magnetic reconnection is strongly beamed only in the fast-
cooling case.
3.5.5. Schematic beaming of radiation
To clarify the conclusions of this section, we schematically
show in Figure 12 the magnitude and opening angle of the ra-
diation coming from particles that are accelerated to γ ∼ 50
in the fast cooling and slow cooling cases, although. In both
cases, the opening angle of the radiation distribution from
these particles in the X-point is ∼ 5/γ = 0.1 rad. The fig-
ure for the fast cooling case also illustrates that the amount
of radiation increases and the opening angle decreases as γ
is increased. In the X-point, the direction of beaming varies
from the direction of acceleration (+z) towards the direction of
the outflow towards the magnetic island (±y) as found in our
analysis of particle beaming in Figure 5. The amount of radia-
tion emitted by each particle increases with distance from the
center of the X-point due to the variation of the x component
of the magnetic field. In contrast, in the magnetic islands, the
opening angle of the radiation distribution is very wide, ap-
proximately 1 rad as seen in Figure 7, and the direction of
beaming varies greatly with location. We show four represen-
tative beaming directions at various locations in the islands.
In the fast cooling case (left), each particle loses most of
its energy at the edge of the X-point in a very short time, and
emits little energy thereafter. The blue cones in the islands
correspond to emission from particles with γ of order unity,
which is relatively unimportant. This means the high-energy
radiation in the fast cooling case is similar to the instantaneous
emission from the X-point, which is dominated by particles
at its edge. In the slow cooling case (right), particles lose
very little energy before reaching the island. Because they
spend most of their time in the island and the magnetic field
is high there, the radiation emitted from the island dominates
the observed radiation. This is again in agreement with our
previous statements that the islands are responsible for most
emission in the slow cooling case. Note that in the dynamical
simulations of Yuan et al. (2016), the low radiative efficiency
in the slow cooling case is likely because the emission of the
particles during the dynamical phase is much less than that
which will occur afterwards in the quiescent phase, consistent
with this conclusion.
4. CONCLUSIONS
We have carried out particle-in-cell simulations of relativis-
tic magnetic reconnection at three values of the background
magnetisation σ0= 4, 40, and 400, and calculated the particle
17
z
y
x
z
y
x
Figure 12. A schematic figure showing the beamed radiation resulting from positrons with γ = 50 at various locations in the current sheet in the fast cooling
(left) and slow cooling (right) cases. The magnetic field structure is shown in dark blue. Each cone indicates the solid angle within within which most of the
radiation is beamed at a given location. The volume of the cone approximately indicates the amount of radiation emitted by each particle at that location, but the
scales are different in the fast and slow cooling cases. To illustrate how these properties vary with γ, we also show cones in green and orange at a single location
for particles with γ = 25 and γ = 100, respectively, in the fast cooling case. The cyan cones in the islands in the fast cooling case represent emission from particles
with γ of order unity.
and synchrotron radiation beaming resulting from the recon-
nection process. Given the limits of our simulations not all
these results are necessarily generic to systems of larger size
that exist over longer durations or for systems with larger σ.
Therefore we first summarize our findings in these specific
simulations we carried out and then we identify the results
that we expect to be generic and relevant for astrophysical
systems such as GRBs and AGNs.
Our simulations are characterized by the following proper-
ties:
• The reconnection rate and the characteristics of the
angular distributions of particles and radiation do not
change significantly with the background magnetisa-
tion σ0, despite the significantly thicker current sheet
structure and the much higher inflow velocities in low
density plasmas with high values of σ0 that are pro-
duced for our choice of initial conditions. This indi-
cates that most of the important aspects of relativistic
reconnection do not depend strongly on the background
magnetisation so long as it is larger than 1, and that the
choice of an initial equilibrium with high density con-
trast at high magnetization does not change these as-
pects of reconnection either.
• Particle acceleration in our simulations is efficient, pro-
ducing a hard power-law tail in the particle energy spec-
trum of the form dN/dγ∝ γ−α - with index α≈ 1.5 that
becomes harder as σ0 increases. The high-energy cut-
off γp of the power law distribution also increases with
σ0 in accordance with energetic constraints.
• Particles are accelerated into this power-law distribu-
tion primarily in X-points, with no significant accelera-
tion taking place within the islands. Once particles are
accelerated they leave the X-point and move towards
the islands. In our simulations, which are limited in size
and time, the highest energy particles still reside at the
end of the simulations in the X-points, while particles
with γ ≈ γp/2 are just entering the islands.
• The outflow of accelerated plasma from the X-points
has a complicated beaming pattern and cannot be re-
garded simply as a relativistic bulk flow - as commonly
envisaged in idealized analytic models. In fact the bulk
outflow, 〈p〉/mcγ, is mildly relativistic for all values of
σ0 we studied. Instead the beaming size is γ depen-
dent and beaming directions vary from one position to
another. Particles with Lorentz factor γ are typically
beamed within ∼ 5/γ. The direction of the beam ro-
tates with location from the direction of the electric
field in the center of the X-point to the direction of out-
flow towards the island at the edge of the island. The
result of this rotation is that the integrated population
of particles with a Lorentz factor γ that are still in the
X-points (i.e., haven’t entered the islands yet) forms a
fan narrowly confined to the plane of the current sheet
(the y-z plane). Once entering the islands, the acceler-
ated particles gradually lose their beaming, so the island
population is mostly unbeamed.
• The resulting synchrotron radiation pattern follows suit.
Radiation from the X-points is highly beamed. Since
the magnetic field in the center of the X-point is weak
radiation is significant only from particles that are leav-
ing the X-points towards the island. As a result the nar-
row fan of particles produces a radiation pattern that
is dark in the center and becomes brighter towards the
edges of the fan. Because the fan width depends on γ
higher energy radiation is more narrowly beamed. In
our simulation the total beaming at the highest syn-
chrotron frequencies of radiation coming from the X-
points is 0.5% of the sky. In magnetic islands, high-
energy particles are unbeamed of so is the radiation
they generate. An exception is the radiation from parti-
cles that are just entering the islands from the X-points
and did not have time to isotropise. In our simula-
tion, where the highest energy particles did not have
time to isotropise in the islands, their radiation in the
strong magnetic field of the islands produces a strongly
beamed synchrotron component from the islands them-
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selves.
Based on these results we can draw some generic conclu-
sions that are relevant for astrophysical settings. Most and
possibly all particles are accelerated in the X-points and flow
into the islands where they spend most of their life. Excep-
tions are particles that cool down radiatively within the X-
points. The radiation from the X-points is beamed into a
narrow fan while radiation from the islands is not strongly
beamed. The combination of the beaming pattern from differ-
ent regions and the fact that most particles spend most of their
lifetime in islands implies that synchrotron radiation from re-
connection sites is generally rather isotropic. Highly beamed
radiation may be generated only by particles that cool down
rapidly before reaching the islands. As we have shown these
particles emit around or above the burn-off limit, which is
∼ 100 MeV in the rest frame of the reconnection site. There-
fore, models of GRBs and AGN that require strong beaming
at lower energies may need to be reevaluated.
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APPENDIX
Here, we discuss our calculation of the directional standard deviation χ of the particles in the X-points and islands in Section
3.4, and the two-dimensional directional standard deviations χ(θ) and χ(φ) for both particles and radiation in Section 3.5.
To calculate χ, we assume that the directions of the particle momenta are distributed in a von Mises-Fisher distribution (Fisher
1953) of the form f (ξ) ∝ exp(−κcosξ), where κ is the concentration parameter that represents how clustered the directions are,
and ξ is the spherical angle relative to the mean direction. This distribution is the spherical equivalent of the Gaussian distribution.
Treating the direction of motion as a vector r = (x,y,z) on the unit sphere, the confidence interval within which the mean direction
is 68% likely to fall is given by
χ = cos−1
(
ln((1−0.68)e2κ +0.68)
κ
−1
)
, (1)
where κ may be approximated as (Banerjee et al. 2005)
κ =
R(3−R2)
1−R2
, (2)
and
R =
∑
i ri
N
. (3)
Here R is the ratio of the summed vector to the number of vectors, which is equivalent to the normalised momentum calculated
above but for directions only, and i indicates a summation over all particles. We take this value of χ to be an accurate estimate of
the spread of the particle direction about the mean.
Under the assumption that the angular distribution is a bivariate von Mises-Fisher distribution in the θ and φ directions, accurate
confidence intervals for the uncertainty in the mean direction may be calculated merely by calculating the standard deviations in
the corresponding cartesian coordinates sin(φ−φm) and sin(θ −θm) (Kent 1982)
χ(α) = sin−1
√∫
F sin2(α−αm)dΩ∫
FdΩ
,α = θ,φ (4)
where F is the number of particles or the amount of synchrotron flux emitted in a given direction within the energy band, and dΩ
is the surface area element. We again take the confidence intervals to be accurate estimates of the spread in direction about the
mean.
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